Silent substitution and selective adaptation techniques were used to obtain full field S-cone and L + M-cone electroretinograms from 18 patients with ocular hypertension (OHT), 9 with normotensive glaucoma (NTG), 18 with early primary open angle glaucoma (POAG) and 19 normal controls. Pattern electroretinograms were also recorded, using a reduced check size to increase the contribution of retinal ganglion cells. In the OHT and POAG groups, statistically significant reductions (P = 0.05-0.001) were observed in the amplitudes, most notably in the late negative waves of all three types of ERG compared to the controls. These are thought to reflect ganglion cell activity. The results imply a diffusely distributed loss of activity (20-35%) affecting many retinal pathways to a similar extent in OHT and early POAG, with an additional amount (<5%) in POAG corresponding approximately to the loss associated with local field defects. The electrophysiology indicated that virtually all cases of untreated OHT have greater retinal dysfunction than the least affected cases of POAG. The NTG group showed a different pattern of loss in that the PERG was markedly affected but the S-cone ERG was not significantly reduced.
Introduction
Reviews of an extensive literature (Holder, 2002; Korth, 1997; Trick, 1991) indicate that the pattern electroretinogram (PERG), long related to ganglion cell activity (Maffei & Fiorentini, 1981) , is a sensitive indicator of neural damage in glaucoma, and further reports have confirmed this and revealed its relationship to other diagnostic tests (Bach, Sullima, & Gerling, 1998; Bayer, Maag, & Erb, 2002; Drasdo et al., 2001; Graham et al., 1996; Harwerth et al., 2002; Porciatti, Di Bartolo, Nardi, & Fiorentini, 1997) .
Abnormal PERGs may also occur in ocular hypertension (OHT), where the intra-ocular pressure is raised without other clinical signs of glaucoma, but the proportion affected varies widely between studies (Holder, 2002; Korth, 1997; Trick, 1991) . Reduced amplitudes have been reported most frequently in cases of high-risk OHT (Arai, Yoshimura, Sakuae, Chihara, & Honda, 1993; Parisi et al., 2001; Pfeifer, Tilmon, & Bach, 1993; Ruben, Hitchings, Fitzke, & Arden, 1994) .
These findings may be related to two types of field defect which have been described in glaucoma: One is the classical pattern of localised defect, readily detected by conventional automated perimetry, and the other a diffuse defect which is not easily detected by perimetry and may be due to a more pressure dependant mechanism (Caprioli, Sears, & Miller, 1987; Douglas, & Johnson, 1989) . If occurring in isolation, diffuse loss, is detected by perimetry in only a small number of cases (Asman & Heijl, 1994; Chauhan, LeBlanc, Shaw, Chan, & McCormac, 1997; Heijl, 1989; Henson, Artes, & Chauhan, 1999) .
Since electrophysiological signals appear to depend on the summed activity of generating neurons (Drasdo, Thompson, & Arden, 1990; Garway-Heath, Holder, Fitzke, & Hitchings, 2002; Harwerth et al., 2002) , widespread, rather than focal, damage or dysfunction is necessary to depress the signal significantly. Bach, Pfieffer, and Birknerbinder (1992) therefore emphasised the importance of the PERG in detecting diffuse loss, and Bach et al. (1998) demonstrated that the PERG is depressed in areas where no scotomas are found. They hypothesised that POAG commences with a diffuse defect.
In contrast to the PERG, the ganzfeld ERG, was until recently, considered to be relatively insensitive in the earliest stages of glaucoma (Graham et al., 1996; Holopigian, Greenstein, Seiple, Hood, & Ritch, 2000) . However, some significant experimental research has indicated that the late negative wave of the photopic ganzfeld ERG, described as the photopic negative response (PhNR) reflects proximal activity, predominantly from retinal ganglion cells (Viswanathan, Frishman, Robson, Harwerth, & Smith III, 1999) . The PhNR has been found to be attenuated in experimental glaucoma (Viswanathan et al., 1999) and in primary open angle glaucoma (POAG) (Viswanathan, Frishman, Robson, & Walters, 2001 ). This has also been demonstrated with a central field stimulus (Collotto et al., 2000) .
These PhNR signals are recorded by presenting a pulse of red light on a blue adapting field and are therefore, primarily, a signal from the L-and M-cone pathways. In this report they will therefore be referred to as the L + M-cone PhNR. It is important to note that despite the persuasive evidence on the effect of glaucoma on the PhNR, more research is needed. For example, one study which aimed to maximise the negative wave by changing the above stimulus conditions, failed to demonstrate sensitivity in relatively advanced glaucoma (Cursiefen, Korth, & Horn, 2001) .
A subjective reduction in blue sensitivity may be one of the earliest signs of glaucoma. Color vision tests (Greenstein, Hood, Ritch, Steinberger, & Carr, 1989) and the use of blue on yellow, or short wavelength automated perimetry (SWAP), (Heron, Adams, & Husted, 1988; Johnson, 1996; Wild, Cubbidge, Pacey, & Robinson, 1998) provide ample evidence that the blue sensitive mechanism is affected in POAG. To investigate these processes objectively S-cone stimulation may be used to elicit ERGs in POAG (Drasdo et al., 2001) .
The exact location of dysfunction in the S-cone pathway in glaucoma has not been clearly determined (Greenstein et al., 1989) , though involvement of small bistratified ganglion cells has been suggested (Quigley, 1998) . However, we have previously reported that the amplitude of the b-wave of the S-cone ERG, and the late negative wave (the S-cone PhNR) are both significantly attenuated in early POAG. The malfunction therefore appeared to involve the S-cone bipolars in addition to the small bistratified ganglion cells (Drasdo et al., 2001) . Due to the rarity of the S-cone pathway neurons and the fact that the damage may be diffuse rather than focal, this is not easily demonstrated histologically.
In our earlier report (Drasdo et al., 2001) we described studies on the S-cone ERG in POAG subjects and controls, using DTL type, silver impregnated nylon fiber electrodes with a contra-lateral corneal reference (CCR). This gave satisfactory results, but it is of particular interest to know whether the retina is similarly affected in OHT where the intra-ocular pressure is raised without visual field or disc changes, and in NTG where the fields or discs are affected without raised IOP. When the performance in a larger number of patients including OHT and NTG groups and controls were compared, it emerged that the electrode montage with the ipsilateral temporal reference (ITR) performed slightly more consistently than the CCR. This is the more conventional arrangement and has the advantage of permitting binocular recording if necessary. We therefore now report our findings from extended studies using the S-cone, L-and M-cone ERG and PERG with ITR electrode montage in OHT, NTG, POAG and normal controls.
Method
Patients with, OHT, NTG and POAG were identified by a consultant ophthalmologist and recruited from glaucoma clinics at the University Hospital of Wales, Cardiff. The groups comprised 18 patients with OHT, 9 with NTG, 18 with POAG, and 19 normal controls. Patients and controls had clear media and acuity >20/30 in the eye investigated. They were assessed on the 24-2 SITA Standard program on the Humphrey Visual Field Analyser II (HFA Humphrey instruments, San Leandro, CA, Model 730). All the patients had stereoscopic optic disc photography, which provided high quality images of the optic disc and retinal nerve fibre layer and were assessed by an experienced clinician. The POAG group all had mild to moderate field defects and a history of raised IOP but were currently under treatment. The OHT group had no significant field defects and IOPs between 21 and 28.5 mmHg. Two had been identified as high risk (IOP > 29 mmHg), and were receiving treatment. The NTG group, five of whom were receiving treatment, had field defects and a history of IOPs <21 mmHg. All IOPs were measured at the time of testing by the Ocular Blood Flow Tonometer (OBF Labs.). The IOPs in the POAG, and control groups were not grossly dissimilar at the time of testing, due to the effect of treatment. All participants had a normal anterior segment on examination by slit lamp and gonioscopy. Patients who had had intra-ocular surgery or those with a history of diabetes, ocular trauma, color vision defects or other ocular disorders were excluded. The sample construction is further summarised by statistics of age, IOP and visual field global indices in Table 1 .
Due to the nature of the special experiments in this research and the need to limit the number of investigations, standard ISCEV procedures (Bach et al., 2000; Marmor & Zrenner, 1999) were not applied in this study. PERGs and ERGs were recorded monocularly, for one eye only. The eye with the best vision was selected, except in cases of monocular glaucoma. A Medelec Sapphire 4IIe averaging system, (Oxford Instruments, Old Woking, UK) was used to acquire and process the signals. Recording commenced with the PERG, with undilated pupils. DTL type corneal electrodes were placed in the lower fornix and a 9-mm silver electrode was placed close to the outer canthus for an ipsilateral temporal reference. Another at the midfrontal position, served as the earth. The subject, viewed a video generated checkerboard pattern subtending 16 · 24 deg at 80 cm distance.
The ISCEV standard recommends a check size of 0.8 deg angular subtense, which is at the peak of the spatial tuning curve for pattern reversal (Yoshi & Dodt, 1990) , and suitable for most purposes. However, this response is thought include a substantial contribution from local luminance mechanisms which may partially reflect onbipolar activity. Several studies have indicated that a check with an angular subtense of approximately 20 0 may be optimal to enhance the pattern specific contribution of ganglion cells. (Drasdo, Cox, & Thompson, 1987 , Drasdo et al., 1990 Yoshi & Dodt, 1990) . This small check size is more affected by optical degradation, but the subjects all had clear media, and the refraction was checked carefully and adjusted for the testing distance during the recording session. Many significant studies on glaucoma have used check sizes <0.8 deg (Garway-Heath et al., 2002; Graham et al., 1996; Parisi et al., 2001) . Two sets of 125 responses, to a 19 0 checkerboard pattern reversing four times per second at a mean luminance of 105 cd/m 2 and 95% contrast were therefore averaged, compared, and combined off-line to obtain an average of 250 sweeps. For ganzfeld ERGs, the subjectÕs pupil was dilated using one drop of 1% Tropicamide (Chauvin Pharmaceuticals). A second drop was used in subjects who had dark irides, or if full mydriasis had not been achieved. A miniature ganzfeld, light emitting diode stimulator (C.H. Electronics, Bromley, UK) was used to obtain these ERGs. To record the L-and M-cone ERG, including the PhNR, a stimulus protocol based on the method of Viswanathan et al. (1999) was used. The response to a 200-ms red (650 nm) pulse at 2500 Tds was recorded at 1.8 Hz, on a continuous blue (450 nm) background at 92.5 Tds. After one minute of preadaptation to the blue light, an average of 200 responses was recorded.
The S-cone ERG was recorded using a technique of silent substitution and background adaptation, similar to that of Sawusch, Pokorny, and Smith (1987) . This has been described in more detail elsewhere (Drasdo et al., 2002) . In brief, a long wavelength adapting background (650 nm) was used to provide selective suppression of the L cone response at 5400 Tds. Alternating blue (450 nm) 1200 Tds and green (535 nm) light, adjusted in luminance, and superimposed on the red background was viewed at 33 Hz to provide a photometric balance. This balance is presumed to be correct for the M-cones because rods and S-cones do not contribute significantly to the sensation at 33 Hz. The balance point was extremely precise, but varied slightly between individuals, providing a partial compensation for age related changes in the media (Chiti, North, Mortlock, & Drasdo, 2003) . When the temporal frequency of this balanced stimulus was reduced to 1.67 Hz, the S-cones responded vigorously, but the M-cone output remained silenced and the S-cone ERG could be recorded. The rod response is saturated at the intensities used (>2000 scotopic Tds) (Sawusch et al., 1987) , leaving an isolated S-cone ERG which usually has little or no visible Offresponse (Drasdo et al., 2001) .
Oscillatory potentials have not been found to be a useful signal in OHT and early POAG (Graham et al., 1996) , and since it was anticipated that some signals might be of low amplitude, a band-pass of 3-50 Hz was selected for all recordings. All traces were characterised by two negative and one positive deflection in the order N1, P1, N2. The ERG a-wave (N1) was measured from the baseline, b-wave from a N1 to P1 and the PhNR from P1 to N2. The PERG P50 was measured from N1 to P1, the P50-N95 from P1 to N2, and P95 from baseline. It should be noted that although Viswanathan et al. (1999) ultimately recommended a baseline measurement of the PhNR when a short duration flash stimulus was used; they found that with a sustained light stimulus, (as in the current experiments), the potential became positive after TTX administration which simulates proximal damage. To register this change, a peak to peak measurement of the PhNR was needed.
The data for each test were analysed and the statistical significance of the data was calculated using the Student ''t'' test or Mann-Whitney U test as appropriate. Receiver operating characteristic (ROC) analysis was performed on each electrophysiological test using standard SPSS software to determine the area under the ROC curve.
The study was approved by the ethical committees of the Bro Taf Health Authority and the Department of Optometry and Vision Sciences. Informed consent was obtained from the participants before commencing the study, which was conducted in accordance with the tenets of the Helsinki Declaration.
Results
The group averaged traces for the POAG group and controls are shown in Fig. 1 . Each type of ERG had similar morphology across the four subject groups and in general, traces only differed significantly in their amplitudes. Mean amplitudes with standard errors of the mean for the main waves in each signal, for all groups, are shown in Table 2 . To aid comparison of the signals in each group, the data reflecting test performance are presented separately in Table 3 . The term ''loss'' relates to the reduction in mean amplitude for the patient group, compared to the controls, expressed as a percentage. The P values show the statistical significance of the difference between the data for each group compared to the controls, and the ROC area expresses the performance of each test criterion, reflecting all the possible values of sensitivity and specificity. The bold type denotes those test criteria where the reduction in amplitude is significant at P < 0.01 level or the ROC area >0.75. The reduction in amplitude of the proximal signals (e.g. PhNR and PERG N95) in OHT was almost as great as that in the POAG group, and the difference was not statistically significant.
The amplitude of the S-cone PhNR was significantly depressed in OHT and POAG, but not in NTG. The PERG P50-N95 and N95 amplitudes appeared to be the most consistently depressed in all patient groups. The PERG is thought to reflect activity of the L-and M-cone pathways, and particularly of their ganglion cells in the central retina, whereas the S-cone PhNR is presumed to arise predominantly from S-cone pathway and from the small bistratified ganglion cells over the whole retina. There was no significant correlation between the PhNR and PERG amplitudes. The two tests are therefore considered to be relatively independent, and to carry complementary information.
The ROC analysis demonstrated the relative efficiency of the test criteria, in revealing significant dysfunction. The cut off criteria which yielded the minimum number of false positives and false negatives i.e. minimum error criterion (MEC) were determined. For the OHT group, the S-cone PhNR, MEC was 3.95 lV, which gave sensitivity and specificity scores of 78% and 74%. For the PERG P50-N95, this was 2.47 lV, which gave sensitivity and specificity scores of 83% and 68%. For the POAG group, the MEC for the S-cone PhNR was 3.99 lV, which gave sensitivity and specificity scores of 82% and 74%. Of the OHT group, Fig. 1 . Group averaged traces of S-cone ERG, L + M-cone ERG and PERG for the POAG subjects and controls. The traces for the OHT and NTG groups were similar but with differing mean amplitudes as shown in Table 2 . 78% failed to achieve this level. For the PERG P50-N95, in POAG, the MEC was 2.22 lV which gave sensitivity and specificity of 72% and 73%. Applied to the OHT group 61% failed to achieve this level.
Discussion
The statistically significant differences and the results of the ROC analysis (Table 3 ) must be evaluated in the light of the samples of subjects to which they are applied. The OHT sample had only moderately raised pressures (Table 1) , and the POAG group had lower perimetric MDs than in other comparable studies. (Graham et al., 1996; Holopigian et al., 2000) .
The data in Tables 2 and 3 show an interesting pattern of dysfunction in the patient groups. The apparent resistance of the S-cone pathway to damage in NTG is of particular interest. The failure to reach statistical significance might be explained in part by the fact that NTG group was substantially smaller (n = 9) than the POAG (n = 18) and OHT (n = 18) groups. However, this may not be the explanation, because the PERG was significantly affected in NTG despite the smaller sample. It is also important to note that the S-cone pathway may be more pressure sensitive than the L-and M-cone pathway (Greenstein et al., 1989) and that psychophysical studies have previously reported that blue sensitivity may be less affected in NTG than in POAG (Trick, 1993) . Another contributing factor may be the presence of paracentral defects which tend to occur more noticeably in NTG (Chauhan et al., 1989) and may therefore enhance the sensitivity of the PERG which is recorded from the more central part of the retina. Further studies are needed to clarify this. If this difference in the S-cone ERG and the PERG between groups is confirmed, it may provide a means to gain further insight into mechanisms of neural damage in these types of glaucoma.
Evidence of dysfunction in OHT
Our data provide more widespread electrophysiological evidence of dysfunction throughout the retina in OHT and glaucoma than in previous reports. This is important because OHT was traditionally perceived as a condition of raised IOP without neural dysfunction. However, not only was the PERG amplitude reduced, but several other S-cone and L-and M-cone ERG parameters were also significantly reduced in both OHT and glaucoma (Table 3) .
The ERG signal amplitudes are presumed to reflect the sum of activity in the generating neurones (Drasdo Mean values of ERG amplitudes (lV) with standard errors of the mean in parenthesis. Garway-Heath et al., 2002; Harwerth et al., 2002) . Clinical studies have shown that the PERG P50-N95 amplitude is significantly correlated with evidence of neural loss (Garway-Heath et al., 2002; Parisi et al., 2001) . However, the process of loss or damage of retinal neurons in glaucoma requires further explanation. Studies on retinal ganglion cell (RGC) structure in primate and rodent models of glaucoma suggest that ganglion cells may undergo some degree of structural change prior to cell death (Morgan, Uchida, & Caprioli, 2000; Weber, Kaufman, & Hubbard, 1998) and this may affect the responsiveness of any given cell. The reduction in amplitude, of appropriate electrophysiological potentials must therefore be expected to reflect the total amount of dysfunction which may slightly exceed the proportion due to lost ganglion cells. Given the lack of evidence of reversibility of glaucomatous damage in the literature, the marked depression of ERG amplitudes in glaucoma after pressure reduction (Tables 1 and 2 ) and the existence of reduced PERG amplitude in treated OHT (Arai et al., 1993) , it appears that diffuse loss in OHT is qualitatively similar to that in POAG, and at least partially irreversible. However, the possibility of some reversible diffuse loss in OHT cannot be excluded without further studies.
Models of neural density in the retina and cell loss versus sensitivity (Drasdo, 1977; Harwerth et al., 2002) indicate that the loss of only a few percent (<5%) of the ganglion cell population would be required to produce the typical field defects of early POAG (Drasdo et al., 2002) . At the same time, the total RGC loss has been estimated to be 20% when automated perimetry can first detect a field defect (Quigley, Dunkleberger, & Green, 1989) . This supports the view that most of the retinal dysfunction is diffusely distributed. The ERG and PERG amplitude losses in OHT and POAG (Table 3) are consistent with the idea that the diffuse component is similar in the two groups but that the POAG group has a small degree of additional dysfunction due to focal defects. Thus, the 35% loss of the PERG N95 in OHT might be considered to reflect diffuse dysfunction and the 40% in POAG, a similar amount of diffuse dysfunction plus 5% due to the local field defects.
It has often been suggested that the PERG may have a useful role in identifying those cases of OHT which are at risk for developing POAG (Bach et al., 1998; Panagachis & Moschos, 1998; Pfeifer et al., 1993; Ruben et al., 1994) . This is perhaps its most valuable application, but this statement may tend to perpetuate a misconception that the retina is not dysfunctional in OHT. Given the data in Tables 2 and 3 , not only the central PERG, but ERG from the retina as a whole, involving signals from many types of neuron appear to be similarly dysfunctional in OHT and in early POAG. Furthermore, the electrophysiology indicates that the retinas of most individuals in the OHT group, with only moderately raised IOP (Table 1) are already more dysfunctional than some of those in the POAG group.
Clinical evidence for a significant defect in OHT, may have been obscured due to the dominant role of perimetry in glaucoma investigation, and its insensitivity to diffuse loss. However, although the ideal method of assessing diffuse loss by conventional perimetry may not yet have been found (Henson et al., 1999) , many studies have reported losses in other forms of subjective visual function in OHT (Adams, Rodic, Husted, & Stamper, 1982; Castello-Branco, Faria, Forjaz, Kozak, & Azevedo, 2004; Falco-Reis, OÕDonohue, Buceti, Hitchins, & Arden, 1990; Heron et al., 1988; Maddess & Henry, 1992; Pomerance & Evans, 1994; Regan & Neima, 1984; Ross, Bron, Reeves, & Emmerson, 1985; Tyler, 1981; Vogt, Morland, Midgal, & Ruddock, 1998; Wood & Lovie Kitchin, 1993) . There has been a natural reluctance to accept the existence of serious dysfunction in cases without significant field defects, but the evidence from some of the above psychophysical studies and from electrophysiology is compelling. The impact of these deficits on the quality of life, the extent, if any, to which the dysfunction in OHT might be partially reversible, and its relationship to the rate of future deterioration, are important areas for future research.
Because of their use in diagnosis of glaucoma and OHT, there is an inevitable bias in favour of the traditional criteria (IOP, disc topography and perimetry) so that their ROC performance is artifactually increased (Bayer et al., 2002; Garway-Heath & Hitchings, 1998) . It is important to note that, despite this inevitable bias against it, the independent measurement of PERG is often found to be as sensitive as any other criterion in the diagnosis of glaucoma (Bayer et al., 2002; Graham et al., 1996; Ruben et al., 1994) . Our studies show that various parameters of Ganzfeld ERG may also be of comparable sensitivity. They are little affected by defocus, scattering and absorption of light by the ocular media; unlike the PERG, CSF and perimetry, and are therefore doubly attractive. If ERGs could be used as one of the diagnostic criteria, to be given an equal bias, we would anticipate that they would achieve a high level of performance in terms of the ROC analysis. This study therefore suggests even more strongly than previous ones, that selected types of ERG may in future have a more decisive role in the investigation of Glaucoma and OHT; and that many cases of OHT have significant dysfunction.
